Abstract: This paper present a new design and configuration of metal oxide gas sensor based on back-gated device that can operate at low temperature. Gold electrodes patterned onto an oxidized, heavily doped, p-type silicon substrate were designed and fabricated at a wafer level. The Auelectrodes were used as source-drain metal contacts and a third gate electrode was connected from the backside of the substrate. Tungsten oxide nanowires decorated with Pt-nanoparticles were directly grown employing aerosol assisted-CVD (AA-CVD) on top of the electrode area. Gas sensing properties of the back-gated device in the presence of air and hydrogen gas reveals characteristic response modulated by the applied gate potential at room temperature. It was found that the IDS-VGS plot illustrates characteristic field effect transistor with an inherent adsorptive surface electron transfer of the nanowires accompanied with the applied gate potential induced charge transfer. These counter-acting mechanisms might persuade for the application of back-gated device as a promising n-channel metal oxide gas sensor operating at low temperature or even room temperature.
Introduction
Gas sensors based on single crystalline metal oxide nanostructures (SMOx) offer many advantages in sensor performance such as high stability at typical operating temperatures, high surface to volume ratio, and tailored surface chemistry via functionalization [1] [2] [3] . At a given high operating temperature, the surface of the sensing material gives rise to high concentration of adsorbed oxygen species, which modulates the electron density at the surface and its electronic state. To this end, there has been much progress in the fabrication, and integration of different single crystalline SMOx nanostructures decorated with metal nanoparticles for gas sensing at low temperature; as well as optimizing the minimum power consumption of such devices while maintaining high sensor performance and stability [4] . Recently, highly sensitive gas sensors based on nanoparticle decorated WO3 nanowires for the detection of various gases at low temperature have been explored [5, 6] .
However, some barriers to employ less power consuming resistive SMOx sensor platforms are still to be overcome. Especially, achieving SMOx devices able to work at relatively low temperature are much sought for. Here we describe a simple back-gated FET device based on Pt functionalized WO3 nanowires for gas sensing at low temperature. The hybrid nanostructure, Pt/WO3 deposited onto the electrode area employing single step aerosol assisted CVD (AA-CVD), was considered as an active sensing material. The device I-V curve and its sensing property to H2 gas at a constant sourcedrain potential and sweeping gate potential has been investigated at room temperature.
Materials and Methods
A 2 inch wafer, heavily p-doped Si<100> (10 −3 Ωcm) with 300 µm thickness and 1 µm oxide layer was obtained from Silicon materials, Germany. Electrode design and clean room processes were employed at wafer level following microfabrication procedures including reactive ion etching, sputtering, nanolithography, and wet chemical etching to define the source-drain contact electrodes as well as gate electrode. Schematic top view of the interdigitated Au-electrodes and the corresponding back gated electrode configuration are shown in Figure 1a ,b.
Tungsten hexacarbonyl (W(CO)6) powder, chloroplatinic acid hydrate (H2PtCl6·xH2O), acetone and methanol were obtained from Sigma Aldrich (Spain) as a metal precursors and solvents, respectively. Pt-nanoparticle decorated WO3 nanowires were co-deposited directly onto the electrode area in a single step aerosol assisted-CVD (AA-CVD). Prior to the deposition of the nanowires, the substrate was heated to a temperature of 380 °C, and followed by the transfer of ultrafine aerosols to the heated substrate by N2 carrier gas at a flow rate of 0.5 L/min [5, 7] . Surface morphology images were taken using Scanning Electron Microscopy (ESEM) with FEI Quanta 60 and Tunneling Electron Microscopy with JOEL model 1011 equipment. Gas sensing property of the back-gated FET device was examined towards calibrated 500 ppm H2 gas under a constant total gas flow of 200 sccm. Mass flow controllers (Bronkhorst hi-tech 7.03.241), Keysight precision source meter (model B2902A) and Keysight data acquisition equipment (model 34972A) interfaced with a custom made LabVIEW program were used for gas flow calibration and device electrical characterization, respectively.
Results and Discussion

Material Characterizatiion of Pt/WO3 Nanowires
The as-deposited hybrid nanostructures exhibit strong adherence to the substrate with a dark blue color right after deposition indicating the presence of metal oxide structure. A light white color observed, after annealing at 450 °C for 2 h in air, illustrates the presence of PtO onto a slightly sub-stoichiometric tungsten oxide [8] . SEM images of the film show a high density of nonaligned needle-like nanowires with uniform diameters near 120 nm, Figure 2a . TEM images of the as-deposited film clearly depicts randomly distributed Pt-nanoparticles on the surface the nanowires, Figure 2b . 
Gas Sensing Property
To assess the electrical characteristics of the device, a constant voltage (VDS = 1 V) was applied between the source and drain electrodes. Biasing the gate substrate therefore induces an inverted conduction channel at the Si-SiO2 interface thereby producing a complete IDS-VGS curve. A simultaneous depletion and accumulation of electron-hole takes place at the interface as a result of substrate gate biasing between −3 V to +3 V (sweep rate ~100 mV/s). We therefore took this advantage to modulate the surface potential of the n-type Pt/WO3 nanowires to sensitize its chemical and electronic property without thermal heating. Figure 3a displays characteristic gas sensing property of the sensor in the presence of dry synthetic air and 500 ppm H2 gas at room temperature. The inset (Figure 3a ) shows a positive current decrease when the sensor is exposed to the H2 gas and a positive gate potential, while a decrease in current was observed for negative bias gate potential (Figure 3c ). We found no current transfer between the source and drain at VGS = 1 and this might be related with the threshold potential corresponding to the onset of the charge transfer between source-drain with respect to the gate driven depletion layer. It is thought that some parasitic leakage current might occur through the oxide layer into the substrate. This might be due to the heating of the substrate in the deposition process of the nanowires in such a way the nanowires could penetrate through the dielectric oxide layer. It is noted that the IDS values were higher when the device is operating with gate biasing in dynamic mode. Figure 3d shows sensor response towards to synthetic air and 500 ppm H2 gas exposures while the device was operating at constant gate potential, VGS = 3 V and VDS = 1 V. It is thought that the decrease in transfer current might be related to the trade-off between counteracting adsorbed surface electron transfer and gate potential induced charge transfer.
Conclusions
A three contact electrode sensor device with a back-gated configuration was designed and fabricated at wafer level. Pt nanoparticle decorated WO3 were grown onto the electrode area employing single step AA-CVD. The charge transfer between source-drain electrodes, IDS, at constant VDS was characterized while sweeping the gate potential between −3 V to 3 V. The IDS vs VGS plot illustrates characteristic field effect transistor and IDS changes when the device was exposed to dry air and H2 gas. The surface adsorptive property the sensing material was modulated with the applied gate potential. The results have shown that this simple back-gated device is very promising to be employed as an n-channel metal oxide gas sensor operating at low temperatures or even room temperature.
